vanadium-containing negative ions to measure the activities of vanadium oxide and the oxygen partial pressure has been discussed.
Introduction
Negative ions, which are in equilibrium with a condensed phase, exist in vapors of some inorganic compounds at temperatures
(1) over 1000 K.
Their presence is due to high electron affinity of neutral molecules being vaporized or low work function of the surface. In case the concentration of negative ions were not measurable it could be enhanced by adding a small amount of an easily-ionized substance. For example, the admixture of potassium chromate to iron, cobalt, and nickel oxides allowed a measurable concentration of negative ions ---(2,3) FeO , CoO , and NiO to arrive at 1400 K. oxygen-containing ions of vanadium is unknown.
Measuring equilibrium constants with the participation of negative ions allows such their thermodynamic quantities as the enthalpy of formation and the electron affinity to obtain. If there were only one ion with unknown enthalpy of formation in reactions under study a calculation would be trivial. In common case the task is transformed to solving a system of linear equations. We described earlier the procedure to treat equilibrium constants of a set of reactions by the Third Law (10,11) approach.
In this work the procedure has been extended to the case of the mixed approach based on both of the Second and Third Law.
After estimating thermodynamics of negative ions, which exist in the vapors of inorganic compounds, one can use them to determine partial pressures of neutral molecules and activities of condensed phases. Such a method is analogous to estimating the oxygen pressure by measuring the ratio of the partial pressures of CO and CO , or H and H O. Examples of applying 2 2 2 oxygen-containing negative ions to determining the oxygen partial pressure and the activities of sodium and potassium (12) oxides are given elsewhere.
The discovery of negative ions in the vapors of vanadium oxide let us suggest the new method of estimating the activities of vanadium oxides and the partial oxygen pressure.
Experimental
This work was performed on a magnet mass spectrometer, model V O was synthesized at our Department of Chemistry and its 3 5 X-ray analysis didn't show presence of other vanadium oxides.
Another vanadium oxide can be used, our choice was merely (13-17) due to V O being under hand. Mass spectrometry studies 3 5 have shown that higher vanadium oxides decomposed to nonstoichiometric V O at high temperatures over 1800 K. In 2 3+x
our experiments, where temperatures were lower than 1500 K, X-ray analysis revealed that V O didn't decomposed even after 3 5 several hours of heating. This can be explained by the fact that the partial oxygen pressure over V O is not high enough 3 5 at our temperatures.
The systems under study and the mass spectra observed are presented in any admixture to our samples.
To determine the enthalpies of formation of vanadiumcontaining ions it was necessary to include ions with known enthalpies of formation into equilibrium constants being --measured. As such negative ions, CrO and CrO were employed. 3 4 The measurable concentrations of all required ions could be obtained while the mixture comprising chromium oxide mainly was investigated in experiments 4 and 5.
The mixture with cobalt oxide was studied in experiment 6.
The enthalpy of formation of CoO was estimated by us in 2 reference 2. Thus the data of experiment 6 permits checking reliability of the obtained results.
The experiment was planned in such a manner that the several temperatures were chosen. One of them was set and several mass spectra were taken. Later on, using random numbers we went to another temperature and made measurements there.
After the series of measurements at other temperatures the run was repeated again at the previous temperature.
The ratio of the partial pressures of ions was calculated from measured ion currents as follows
where I is an ion current measured with the multiplier, M is the mass of the ion, g is the multiplier gain, and i is the isotope abundance. The multiplier gain is assumed to be inversely proportional to the square root of ion mass. Equilibrium between the negative ions and the condensed phase has been assumed in this way. We will discuss whether the assumption is trustworthy later on.
Computing equilibrium constants
That there are many ions in the vapors of the mixtures under study allows choosing different sets of reactions to describe an equilibrium state. All of them are equivalent since equilibrium state does not depend on the path to reach it. So while selecting the set of reactions (1) to (6) we took into consideration only convenience (see below) and the mechanism of ion formation are not displayed by any means.
The equilibrium constants of reactions (1) and (2) were obtained from experiments 1, 2, and 3, the equilibrium constants of reactions (1), (3), (4) , and (5) were from experiments 4 and 5, and the equilibrium constants of reaction and CoO in experiment 6) were equated to one. It has been supposed that the admixtures should not change the activity of the chief ingredient in large extent.
The equilibrium constants of reactions 1 to 6 were computed as follows The numerical constants arrived during the transformation from ratios of partial pressures to that of ion currents (see Experimental).
Reactions (1) to (6) 
where s is the variance of the logarithm of ion current, n iC is a stoichiometric numbers (greater than zero for products and less than zero for reagents), C is a set of all ions.
As we mentioned above, we have freedom in choosing chemical reactions, i.e. in sets of stoichiometric numbers. We selected such reactions that
This means that for the chosen reactions the variances of the logarithms of equilibrium constants are equal to that of the logarithm of an ion current and the logarithms of equilibrium constants are non-correlated with each other.
Eqn (7) is valid for all six reactions. Eqn (8) is kept for reactions whose equilibrium constants were computed from the same set of ion currents. Such are reactions (1) and (2), equilibrium constants of which were derived in experiments 1 to 3, and four linear independent reactions (1), (3), (4), and (5), which could be composed in experiments 4 and 5.
While estimated from different sets of ion currents, equilibrium constants are non-correlated by a definition, and Eqn (8) may not be applied. In our case this concerns reaction (6) .
The estimated values of equilibrium constants of reactions (1) to (6) are given in Tables 2 to 4.
Note that according to linear algebra a set of reactions complying with Eqns (7) and (8) can always be selected.
Determining enthalpies of formation from equilibrium constants
Thus we obtained the set of equilibrium constants of six reactions, and from there our task was to determine the 
Theory
The experimentally determined equilibrium constants ln K (i ij enumerates the reactions, j does the equilibrium constants of calc the i-th reaction) are differ from the true values ln K on ij reproducibility errors e ij calc ln K = ln K + e (9) ij ij ij calc The true values ln K , in turn, are related with the ij enthalpies of formation and the entropies of substances included in the reactions
were H is the vector of enthalpies of formation, S is the L vector of entropies, n is the vector of stoichiometric numbers i of the i-th reaction. While using Eqn (10) for a small temperature interval, the enthalpies of formation and the entropies can be assumed not to depend on temperature and relate to some mean temperature.
The particular choice of reactions (1)- (6) described above brought about that the errors e were independent and ij possessed the same variance. As a result, to obtain the enthalpies of formation and the entropies the next sum of squared deviations should be minimized
As shown in Annex 1, the minimum of (11) upon the enthalpies of formation and the entropies is reached simultaneously with the minimum of the following sum of squares
This allows an independent treatment of the equilibrium constants for every reaction and reduces the dimensionality of the problem considerably.
a and b in Eqn (12) are the coefficients of a straight i i
fitting the logarithms of the equilibrium constants from inverse temperature, where
is the mean temperature. According to the least squares method these coefficients are estimated as follows
where N is the number of the equilibrium constants in the i-th i reaction, and
Finding the minimum of squared deviations (12) corresponds to solving a system of linear equations
with the consistent weights (see Annex 2). In Eqn (18) To find a solution, all the substances must be divided to the sets formed from substances with the known (Ah) and unknown (Bh) enthalpies of formation, with the known (As) and unknown (Bs) entropies. In common case these separations of the substances by enthalpies of formation and by entropies can differ from each other. The only necessary condition is that the parts of the stoichiometric matrix X corresponding to the substances with enthalpies and entropies to be found, the matrices X and X correspondingly, must have a full rang. Bh Bs
Two extreme cases of separating the substances to the sets As and Bs match processing by the Second and Third Laws. The
Second Law treatment coincides with the case in which the matrix X has a maximum available rang (the rang of the matrix Bs X), the Third Law treatment does with the empty set Bs, when the entropies of all the substances are assumed to be known.
Finding the minimum of the sum of squared deviations (12) is described in Annex 2 and computing the errors of the enthalpies of formation and the entropies to be found is in Annex 3.
Calculations
As described in part 2 (Experimental), several mass spectra, and consequently several equilibrium constants, were measured at the same temperature in an experiment. The mean of the logarithms of such equilibrium constants (ln K ), the standard im deviation of single values of equilibrium constants (s ), and im the number of values at (n ) the temperature T are presented im im in Table 2 -4. Note that in Eqns (11), (14) to (17), and (27), the summation over the index j includes not the average values ln K but the single values ln K . To use the average values, im ij these equations must slightly be modified. For example, Eqns (15) and (16) should look like as follows Table 5 summarizes processing the equilibrium constants of reactions (1) to (6) according to Eqns (14) to (17) . Two standard deviations for each reaction were possible to estimate, namely, the pooled standard deviation s p,i
and the standard deviation of the fit s f,i
Here the summation is only over different temperatures T , and im M is the number of the different temperatures in the i-th i reaction. Table 5 they are close to each other except for reaction (5) , where the standard deviation of the fit is much greater that the the pooled standard deviation. We made -following explanation. The measured ion current of VO , 2 included in the only reaction (5), was close to the background.
This raised its imprecision and make its temperature behavior somewhat "wrong". To correct that in the following treatment, weights of the reaction (5) (values of N and P ) were lowered 5 5
by the factor four.
In our case, the set Bh comprises six substances with Seeing that the investigated temperature interval was small and the reproducibility error was comparatively large (20-30% in the equilibrium constants, see s and s in f,i p,i neutral molecules good enough to estimate the molecular constants. The other nine compounds formed the set As with the entropies assumed to be known a priori. (32-34) 31 and in reviews.
As a whole, the data of these works for reaction (21) are in a good agreement. Our choice was made up because in reference 24 the experimental data were recalculated to stoichiometric V O and made in the temperature 2 3 interval close to ours.
As already mentioned, the enthalpies of formation and entropies at mean temperature should stay in Eqns (10), (12) and (18). To ease the application of the reference books, the mean temperature was rounded, and thus, the value 1400 K was used as the mean temperature.
Applying the enthalpy of formation at 1400 K, i.e. Table 6 were used as the diagonal Table 8 . The enthalpies and entropies of these reactions at 1400 K can be calculated from the data of Tables 6 and 7 . This gives the expressions to equilibrium constants of reactions (22) 
Arrival of such negative ions should be expected at temperatures above 1200 K because of their high stability.
However, if the electron concentration in the system under study were not high enough to generate these ions it could always be enhanced by using an easy-ionized admixture (see (12) examples with other ions elsewhere ). Table 9 shows the activities of vanadium oxides estimated for experiments 4 and 5, where composition of vanadium oxide was about 2 moles per cent.
The same approach can be employed to determine the oxygen partial pressure. One of possible reactions to that is
Again the data of Tables 6 and 7 and the formula for the oxygen pressure looks as follows As one could expected, the measured pressures lies inside the stability region of V O within experimental uncertainties. 3 5
In conclusion of this part, we will stop by estimating the accuracy of the equilibrium constants of reactions (22)-(25).
Since the errors of the enthalpies of formation and the entropies presented in Tables 6 and 7 are correlated between each other (see Table 8 ) the error propagation law must be applied in its general form (for example, see discussion in (26)  2  3  2  2 3  2  2  4 were measured. The equilibrium constants of reactions (3), (4), and (5) (see Table 3 ) were estimated in two experiments 4 and 5, and they were in good agreement with each other while the activity of vanadium oxide differed in almost ten times. The equilibrium constants of reaction (1) determined in experiments 1 to 5 also agreed with each other.
Using the enthalpies of formation determined by us (Table   o - 
Annex 1. Transforming the sum of squared deviations
Let us rewrite the sum of squares (11) adding and subtracting the right part of Eqn (13)
Now open the braces up. As a result, we will obtain
The cross product vanishes because of the relations (14)- (17) .
The first sum of squares in Eqn (27) exhibits scatter of the experimental equilibrium constants over the straight lines (13) , which were obtained during independent treatment of each reaction, and does not depend on the parameters to be foundthe enthalpies of formation and the entropies. It means that the minimum of (11) versus unknown enthalpies of formation and entropies is reached simultaneously with the minimum of the second sum of squares in (27) (denote it as SS ). It 1 characterizes the deviation of the final fitting equations over the straight lines (13) . calc Substituting the expression for ln K (Eqn 10) inside ij SS in turn and rearranging it we obtain 1 -
While the braces are opened and the summation by the index j is done, the required formula (12) for the sum of squares will appear. The cross product will be equal to zero because of
Eqn (14). 
where
and indices As, Ah, Bs, and Bh show that quantities relate to such sets.
L L
The values of the vectors H and S are taken from the Ah As literature data (see Table 6 ) and are known with some inaccuracy, however, we don't want them to be changed even in a small extent during the minimization. It means that they must not be considered as additional equations and their inaccuracies should be disregarded for this moment (see discussion in reference 11). Hence, the weight matrix to solve the system (28) should only be based on the dispersion matrix 
where s is the variance of logarithm of experimental equilibrium constants, which was assumed to be the same for all the reactions because of the special choice of stoichiometric numbers. As a result, the weight matrix to solve the system (28) should look as follows
where N and P are the diagonal matrices consisting from the values of N and P correspondingly, and O is the zero matrix. i i (40) The theory of least squares method supplies the solution to the system of linear equations (28) with the weight matrix (32), which at the same time minimizes (12), as follows
Bh Bs8 7 87 Bh Bs8 7 Bh Bs8 7 8 9 0
Annex 3. Estimating inaccuracies of the parameters to be found
Having obtained the solution (33) which brings the sum of squares (12) The dispersion matrix of the parameters to be found can be (40) estimated according to mathematical statistics as follows
is taken from literature.
The parameters to be found are correlated with the auxiliary values. The covariance matrix describing that can be estimated by the following equation
18. Olofsson, G.; Angus, S.; Armstrong, G.T.; Kornilov, A.N. J. Cr are given for chromium-containing ions) [
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a at 1430 K (1) and (2); s is the calculated deviation of m single values; n is the number of measurements m 
a Unless specified otherwise, the data from the Gurvich's reference 
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